Patients with early-stage non-small-cell lung carcinoma (NSCLC) may benefit from treatments based on more accurate prognosis. A 15-gene prognostic classifier for NSCLC was identified from mRNA expression profiling of tumor samples from the NCIC CTG JBR.10 trial. In this study, we assessed its value in an independent set of cases. Methods: Expression profiling was performed on RNA from frozen, resected tumor tissues corresponding to 181 stage I and II NSCLC cases collected at University Health Network (UHN181). Kaplan-Meier methodology was used to estimate 5-year overall survival probabilities, and the prognostic effect of the classifier was assessed using the log-rank test. A Cox proportional hazards model evaluated the signature's effect adjusting for clinical prognostic factors. Results: Expression data of the 15-gene classifier stratified UHN181 cases into high-and low-risk subgroups with significantly different overall survival (hazard ratio [HR] = 1.92; 95% confidence interval [CI], 1.15-3.23; p = 0.012). In a subgroup analysis, this classifier predicted survival in 127 stage I patients (HR = 2.17; 95% CI, 1.12-4.20; p = 0.018) and the smaller subgroup of 48 stage IA patients (HR = 5.61; 95% CI,; p = 0.014). The signature was prognostic for both adenocarcinoma and squamous cell carcinoma cases (HR = 1.76, p = 0.058; HR = 4.19, p = 0.045, respectively).
L
ung cancer is the leading cause of cancer death and nonsmall-cell lung carcinoma (NSCLC) accounts for approximately 85% of all cases. 1 The majority of NSCLC patients are diagnosed in advanced or metastatic stages, which largely are inoperable. 2 Early stage I and II NSCLC cases are potentially curable by complete surgical resection, 3 and survival can be improved with adjuvant chemotherapy, mainly in stage II [4] [5] [6] and possibly in stage I patients with 4 cm diameter or higher. [7] [8] [9] Investigators have continued to seek prognostic markers and markers that are predictive of survival benefit from adjuvant chemotherapy, as it is recognized that these could form the basis for developing personalized approaches to improve the survival of early-stage NSCLC patients. 10, 11 Currently, stage II patients are treated with adjuvant chemotherapy; although the benefit to the group as a whole has been established, [12] [13] [14] there are patients with inherently good prognosis who potentially could be spared the morbidity associated with adjuvant chemotherapy. Stage I patients could benefit the most from a strong prognostic marker, as the survival of patients with poor prognosis could potentially be improved by adjuvant chemotherapy.
Our group had developed an mRNA-based classifier comprising 15 genes (Table 4) 15 by expression profiling snap-frozen, tumor samples collected in the NCIC CTG JBR.10 trial.
14 The accuracy of this classifier as a prognostic marker was established initially by in silico validation in four large public NSCLC expression datasets. In this study, we further tested the performance of this 15-gene classifier in an independent cohort of 181 snap-frozen samples from early-stage NSCLC patients collected at University Health Network (UHN) who did not receive any adjuvant therapy. As a validation study, the same assay platform (Affymetrix) was used here as in the discovery study.
were retrieved from the UHN tumor bank, using a protocol approved by the UHN Research Ethics Board. Patient tumor stage and histological classification were obtained from electronic patient record. On the basis of the tumor size information, some tumor stages were adjusted accordingly to the 7th tumor, node, metastasis (TNM) criteria. Exclusion criteria included patients with stage III or IV disease or those received any form of adjuvant therapy and samples with tumor cellularity of less than 20%. Histology and tumor cellularity were assessed by review of the representative H&E section of frozen tumor samples used for RNA extraction. During this assessment, the tumor histological type was recorded. Cases with significant discrepancy as compared with the original diagnosis were reviewed further to provide the final histological diagnosis. Approximately 210 cases meeting these criteria were identified initially and total RNA was extracted as described previously. 15 In brief, frozen tissue fragments were homogenized and total RNA was isolated using the RNAZol (Invitrogen, Carlsbad, CA). Cases with low RNA yield or poor RNA integrity, as defined by RIN scores less than 8.0 by BioAnalyzer (Agilent Technologies, Santa Clara, CA), were excluded. A total of 181 RNA samples were processed by expression profiling using Affymetrix U133 2.0 Plus arrays (Princess Margaret Genomics Centre, Toronto, Ontario, Canada).
Data Analysis
Microarray data were normalized using robust multiarray averaging and deposited with GEO (GSE50081). The expression values for the 15 genes comprising the classifier were extracted using methods described previously (Table 4) , 15 and prognostic accuracy was tested in the entire set of 181 samples, and by stage and histologic subtype. As outlined previously, 15 a risk score was calculated using a weighted sum of four principal components derived from the expression values of the 15 probe sets. This risk score was then dichotomized at the median of −0.1 with high-risk patients being those patients whose risk score was greater than this value and low risk otherwise. Overall survival up to 5 years was used as the endpoint of interest. Patients with more than 5 years follow-up were censored at 5 years as deaths occurring later than 5 years were not likely to be lung cancer related. The survival probabilities were calculated using the Kaplan-Meier method. Differences in survival curves were assessed using the log-rank test. Hazard ratios (HRs) and 95% confidence intervals (CI) were generated using a Cox proportional hazards model. Multivariable analyses adjusted the model for clinical factors such as age, sex, stage, and histology. Schoenfeld residuals for all models were assessed to ensure the proportionality assumption was met. All analyses were performed using the survival package (version 2.36-5) in the open-source software R version 2.12. 16 A two-sided p value of 0.05 was used to assess statistical significance.
RESULTS

Patient Cohorts
The primary objective of this study was to validate the prognostic accuracy of the 15-gene classifier in a larger cohort of early-stage NSCLC cases than in our previous study (Table 1) . 15 Although the JBR.10 cohort included only stage IB and stage II patients, the UHN181 cohort included all stage I and stage II patients, and specifically, 48 stage IA patients. As a result, the ratio of stage I:II in UHN181 (70:30) was higher than in the JBR.10 cohort (55:45). Sex was biased toward males in both UHN181 (54%) and JBR.10 (71%). The most prevalent NSCLC histology in both cohorts was adenocarcinoma, 71 and 52%, respectively, whereas the representation of (SqCC) was 24 and 42%. Sixty-three deaths occurred within 5 years. Of the 118 patients alive, 81 patients (69%) had complete follow-up to 5 years and 15 patients (13%) had follow-up less than 3 years.
Prognostic Performance of the JBR.10 Signature
Consistent with early-stage NSCLC patients, stage was a prognostic marker in the UHN181 patients although it was not statistically significant in this cohort (Fig. 1A) . In comparison, the 15-gene classifier when applied to the entire UHN181 cohort was able to classify patients into lowand high-risk survival groups with statistical significance on both univariable and multivariable analyses (Fig. 1B  and Table 2 with the range of HR values observed in our previous validation study 15 using four published NSCLC microarray datasets as external validation (HR = 2.26, 2.27, 1.96, and 3.57 for datasets corresponding to Director's Challenge, 17 Netherlands Cancer Institute, 18 Duke University, 19 and University of Michigan SqCC, 20 respectively). The prognostic strength of this classifier was independent of histology (Fig. 2, A-D) .
The 15-gene classifier originally was trained and validated on only stage IB and stage II patients together, and thus its performance for stage IA patients was unknown. When tested in the 48 stage 1A patient subgroup of the UHN181 cohort, the signature classified 27 patients as low-risk group with a 92% 5-year survival rate, and 21 as high-with a 5-year survival rate of 61% (HR = 5.61; 95% CI, 1.19-26.45; Wald p = 0.014) (Fig. 2E and Table 3 ). However, the ability to predict high-or low-risk groups among stage IB patients alone did not achieve statistical significance (HR = 1.43; 95% CI, 0.68-2.99; Wald p = 0.34; Fig. 2F ).
DISCUSSION
This study was designed to test prospectively in a blinded manner, the prognostic value of the 15-gene signature in a new cohort of banked tumor samples representing complete resections from stage I and II NSCLC patients who received no adjuvant therapy. As a validation study, we chose to use the same type of microarray platform but with the sample processing and hybridization performed in an independent laboratory and more than 5 years after the original study. The results confirmed the prognostic value of the 15-gene signature for stage I and II patients together and showed that its prognostic value was independent of histology. We also have demonstrated its ability to identity high-risk stage I patients. The signature was unable to predict survival in stage IB alone, or combined stage IB and II patients, which we presently can only attribute to cohort variability. However, this study reveals that the signature was able to stratify stage IA patient subgroups with significantly different 5-year survival outcomes (92% for low risk versus 61% for high risk). This may have considerable clinical relevance since at this time stage IA patients are not offered adjuvant chemotherapy.
The 15-gene expression prognostic signature was developed from the microarray analysis of snap-frozen tumor samples collected from patients who participated in the JBR.10 adjuvant chemotherapy trial.
14 This was one of the pivotal trials that established adjuvant chemotherapy as beneficial in improving the survival of early-stage NSCLC patients. Among 482 patients who were randomized, 169 patients had snap-frozen tumor samples collected prospectively and banked as part of the trial protocol. Expression microarray profiling was conducted in samples of 133 patients, 62 in the observation arm, and 71 in the adjuvant chemotherapy arm. The prognostic gene signature was identified in the observation (surgery only) cohort, using the Maximizing R Square (MARSA) algorithm. 15 The signature was able to classify the 62 patients into 31 low-risk and 31 high-risk individuals, with significantly different survival outcomes (adjusted seemed to be detrimental (HR = 3.67; 95% CI, 1.22-11.06; p = 0.0133; interaction p = 0.001). However, this could not be validated as microarray datasets from randomized studies with treated and untreated control arms were not available. Nevertheless, Tang et al. 21 has recently identified a 12-gene signature that was predictive of responsiveness to chemotherapy in two patient cohorts, the JBR. 10 15 and the UT Lung SPORE datasets, and made public their dataset. We have determined that the 15-gene signature could also predict response to ACT in the UT Lung SPORE dataset, particularly for stage I patients, although interaction of risk group and ACT on survival was not significant, for stage I alone, or combined with stage II (Supplementary Figure S1 , Supplementary Digital Content, http://links.lww.com/JTO/ A495). This also affirms the concept that there can be multiple classifiers that predict clinical outcomes from genomic datasets despite being inherently different in their gene composition. 22 To our best knowledge, no study has yet validated the impact of applying a prognostic and/or predictive classifier to guide treatment decisions for NSCLC patients with regard to receiving adjuvant therapy and evaluate resultant clinical outcomes. Although an accurate classifier that predicts responsiveness to therapy ideally should provide the best guidance to help individualize treatment for patients, it remains possible that a test enabling better prognosis alone and partnered with a specific treatment, whether adjuvant chemotherapy or some other treatment, potentially also could provide clinical utility.
More than 30 prognostic gene signatures have been reported by various investigators, 10 but to our knowledge, only one signature 23 has become available as a clinical test (Pervenio RS test, Life Technologies, Inc., Grand Island, NY). This 14-gene signature was developed using real-time quantitative polymerase chain reaction directly on RNA isolated from FFPE tumor samples of 361 stage I-IV nonsquamous NSCLC patients resected at the University of California at San Francisco, with validation in two independent cohorts of nonsquamous NSCLC patients: 433 patients with stage I (285 stage IA and 135 stage IB) nonsquamous NSCLC resected in a U.S. institution, and 1006 patients with stage I-III nonsquamous NSCLC resected in multiple institutions in China. In the U.S. validation cohort, the adjusted HR for the signature by Kratz et al. was 2.04 (95% CI, 1.28-3.26; p = 0.0016), which is similar to the HR achieved by the 15-gene signature studied here. However, the Kratz et al. 23 signature did not demonstrate ability to predict for adjuvant chemotherapy benefit, as similar HRs were generated in both training cohorts of patients who received or did not receive adjuvant chemotherapy. In contrast, the 15-gene signature demonstrated potential for predicting responsiveness to chemotherapy 15 although these aspects have not been validated yet in an independent cohort. Finally, although the signature by Kratz et al. was developed specifically for nonsquamous NSCLC, the 15-gene signature can identify prognostic subgroups for both SqCC and adenocarcinoma patients. Therefore, the 15-gene signature seems to have the most promising potential among all published signatures to identify patients who may or may not benefit from adjuvant chemotherapy among the broad spectrum of earlystage NSCLC cases, independent of stage and histology. 
